We investigated the relationship between two regulatory genes, livR and lip, that map near min 20 on the Escherichia coli chromosome. livR was identified earlier as a regulatory gene affecting high-affinity transport of branched-chain amino acids through the LIV-I and LS transport systems, encoded by the livJ and livKHMGF operons. bp was characterized more recently as a regulatory gene of a regulon that includes operons involved in isoleucine-valine biosynthesis, oligopeptide transport, and serine and threonine catabolism. The expression of each of these livRand lrp-regulated operons is altered in cells when leucine is added to their growth medium. The following results demonstrate that livR and lrp are the same gene. The lrp gene from a livR1-containing strain was cloned and shown to contain two single-base-pair substitutions in comparison with the wild-type strain. Mutations in livR affected the regulation of ilvIH, an operon known to be controlled by lrp, and mutations in lrp affected the regulation of the LIV-I and LS transport systems. Lrp from a wild-type strain bound specifically to several sites upstream of the ilvIH operon, whereas binding by Lrp from a livRIcontaining strain was barely detectable. In a strain containing a TnlO insertion in bp, high-affinity leucine transport occurred at a high, constitutive level, as did expression from the livJ and livK promoters as measured by lacZ reporter gene expression. Taken together, these results suggest that Lrp acts directly or indirectly to repress livJ and livK expression and that leucine is required for this repression. This pattern of regulation is unusual for operons that are controlled by Lrp.
Branched-chain amino acids are transported into Escherichia coli by a low-affinity system, LIV-II, and by two high-affinity systems, LIV-I and LS (14, 18) . The latter two high-affinity systems are the focus of this paper. The LIV-I system transports leucine, isoleucine, and valine, whereas the LS system transports only leucine. The two systems have a common set of membrane components and are distinguished by the specificities of their periplasmic binding proteins (9) . The LIV-I binding protein binds L-leucine, L-isoleucine, and L-valine with approximately equal affinity and is coded for by the livJ gene, whereas the LS binding protein binds D-and L-leucine but neither isoleucine nor valine and is coded for by livK, the first gene in an operon that also codes for the common membrane components. The genes are closely linked near min 76 on the E. coli chromosome within a region referred to as the LIV-I locus.
The LIV-I locus is regulated by leucine, as determined by assaying the transport and leucine binding activities of periplasmic shock fluids (1, 19) . Mutants that are constitutively derepressed in the transport of leucine through highaffinity systems have been isolated and characterized. The mutations in these strains, termed livR mutations, are located at a unique locus, livR, at min 20 (2) . A previous report described the cloning of a gene that complemented the livR phenotype (4) . This gene was subsequently found to map near min 18 (3) , and its role in regulation of high-affinity transport of leucine is likely posttranscriptional (8) .
Recently, another locus mapping near min 20 was de-scribed and termed lrp (leucine-responsive regulatory protein) (11, 16) . Mutations in lrp affect the expression of a number of operons, including ilvIH (16) , serA (11, 20) , sdaA (11) , tdh (11, 20) , and oppABCDF (5) . The expression of each of these operons, like those composing the LIV-I locus, is altered by growing cells in the presence of leucine. Given the similarity in map location and the common connection to leucine, it seemed possible that livR and lrp are the same locus. Rex et al. raised this possibility recently in connection with studies showing that a livR allele had a dramatic effect upon the regulation of the tdh and serA operons (20) . Here we show that livR and lrp are indeed the same gene. A livRJ-containing strain had mutations in lrp, and these mutations were shown to affect the expression of ilvIH, an operon known to be regulated by lrp. Moreover, lrp mutations that arose under conditions having nothing to do with amino acid transport were shown to affect the expression of livJ and livK. An important finding that came out of these studies is the amino acid transport phenotype of a strain with a null mutation in lrp. Such a strain shows high, constitutive transport of branched-chain amino acids. This result reflects the fact that expression from the livJ and livK promoters is similarly high and constitutive. These results suggest that Lrp, the product of lrp, negatively regulates livJ and livK expression. As we point out in the Discussion, a negative effect of lrp coupled with leucine-mediated repression is a pattern that is unique for operons known to be regulated by lrp.
MATERIALS AND METHODS
Strains, media, and growth conditions. The E. coli strains used in this study are described in Table 1 . The strains were 16 16 16 16 16 16 This study This study This study grown at 37°C in either LB medium (12) or SSA minimal medium (13) supplemented with the following (micrograms per milliliter): thiamine, 5; Pro, 50; Val, 50; Ile, 25; Leu, 100; ampicillin, 50; 5-bromo-4-chloro-3-indolyl-f3-D-galactopyranoside (X-Gal), 40; tetracycline, 10; kanamycin, 25. When lrp-containing lambda prophage were selected, ampicillin was used at 15 ,ug/ml. Assays. P-Galactosidase and gel mobility shift assays were performed as described previously (16, 21) . The leucine transport assay was performed as described previously (1) .
Construction of strains and plasmids. The construction of plasmids pCV181, pCV182, and pCV190 is outlined in Fig. 1 . Plasmids pCV180 and pCV191 were constructed in a similar fashion starting from strains CV975 and CV1021, respectively. To construct all of these plasmids, DNA was isolated as described previously (10) , and the coding region of Irp was amplified by the polymerase chain reaction (PCR) with primers Ni and C2 as described by Willins et al. (24) . The reaction conditions were as follows: 20 cycles each of 1 min at 94°C, 2 min at 42°C, and 1.5 min at 70°C and 1 cycle each of 1 min at 94°C, 2 min at 42°C, and to 6) FIG. 1. Construction of strains CV1031, CV1032, CV1057, and CV1062. PCR products containing Irp genes from strains RL123 and RL125 were cloned into a derivative of plasmid pBluescript II SK-. The resulting constructs were introduced by transformation into strain CV1008 containing a TnlO insertion in lrp and an ilvIH promoter-lacZ transcriptional fusion (16) . The nucleotide sequences of the lrp genes on plasmids pCV181 and pCV190 differ by a single base pair. Strain CV1057 was constructed by transduction of strain CV975 with a P1 lysate prepared from strain SH169, containing the lrp-5,6 gene 85% linked to zca::TnlO. products were purified by electrophoresis, cut with EcoRI and BamHI (sites in primers), and cloned into a modified pBluescript II SKvector digested with the above enzymes. This vector derivative contains a mutation of unknown location that allows low-level transcription of promoterless fragments cloned into the multiple cloning site. Recombinant plasmids were introduced by transformation into strain CV1008 (ilvI-lacZ lrp-35::TnJO). Colonies that were blue on minimal plates containing ampicillin and X-Gal contained the desired plasmids. Note that CV1008 is white on plates containing X-Gal because it does not make the Lrp required for ilvIH expression. Extracts from the resulting strains were analyzed by gel mobility shift assays. The lrp alleles from the plasmids isolated from these strains were sequenced as previously described (16) .
An operon fusion of the livJ gene to the lacZ gene was constructed by subcloning the HindIII-HpaI fragment of pOX15 (a plasmid encoding the livJ gene [14] ), containing the promoter and part of the coding sequence of the livJ gene, into plasmid pRS415/H, which is plasmid pRS415 (22) with a HindIII linker inserted into the EcoRI site. An operon fusion of the livK promoter to the lacZ gene was constructed by subcloning a 1.25-kb BglII-BamHI restriction fragment of pOX1 (14) containing the livK promoter into the BamHI site of plasmid pRS415. Restriction site analysis was used to determine the fragment orientation. In vivo recombination to transfer these gene fusions to phage lambda ARZ5 was performed as described previously (7) , as were lysogenization and screening of strains (22) .
The livR allele used in this work, first described by Rahmanian et al. (18) , is called livRI here and is later assigned the designation lrp-5,6. RL125 (livRJ) and its isogenic parent, RL123, were derived from strains AE68 and AE62 (2), respectively, by P1 transduction with selection for the ability to grow with maltose as a sole carbon source.
Strain CV1057, carrying the livRI (Irp-5,6) allele, was constructed as follows. Strain CV1010, carrying the wildtype lrp gene and a closely linked zca::TnJO insertion, was used to transduce SH107 to tetracycline resistance. Eighteen Tetr colonies were screened for regulation of the phageborne livJ'-lacZ operon fusion by leucine, and one colony VOL. 174, 1992 on January 30, 2020 by guest http://jb.asm.org/ Downloaded from that had lost leucine-mediated repression was named SH168. This strain was used to transduce strain SH151 to Tetr. Eighteen of these colonies were screened for leucine regulation, and one that had lost leucine-mediated repression of lacZ expression was named SH169. The lrp-5,6 allele in strain SH169 was transferred to strain CV975 by P1-mediated transduction with selection for tetracycline resistance conferred by the linked TnJO, yielding strain CV1057 ( Fig.  1 ).
Strains used in the complementation analysis were constructed as follows. A 2.5-kb fragment containing the lrp gene including its promoter was prepared by digesting plasmid pCV168 (16) with HindIII, creating blunt ends by treatment with the Klenow fragment of DNA polymerase, digesting with EcoRI, and purifying the product by electrophoresis. Plasmid pJC3, containing a bla gene and two regions from phage lambda (a gift from B. L. Wanner), was digested with EcoRI and SmaI, purified by electrophoresis, and ligated to the lrp-containing fragment. A strain containing the resulting plasmid was infected with lambda phage ARZ5 (7) , and progeny phage carrying the bla and lrp genes after recombination were recognized after forming lysogens of strain CV1008 (ilvI-lacZ lrp-35: :TnJO). The desired colonies, selected by resistance to ampicillin, were blue on plates containing X-Gal. One such isolate was called CV1065. CV1065 was used as a donor in P1 transductions of host strains CV975, CV1011, and CV1057 (selection for resistance to ampicillin), yielding strains CV1066, CV1067, and CV1068, respectively.
Plasmids pSHL31 and pSHL81, containing the lrp gene and a kan gene, were constructed as follows. The lrp gene and flanking chromosomal DNA of plasmid pCV168 was subcloned into the pUC8-derived multicloning site of pGD103 by using BamHI and SalI, yielding plasmid pSHL31. pGD103 is replicated by the pSC101 origin of replication and is maintained in the cell at about 5 copies per cell (6) . The same lrp DNA was also subcloned into pBS-8+, yielding plasmid pSHL81. pBS8+ is similar to pGD103, except that it has the fl replication origin and is carried in the cell at about 25 copies per cell (23) . RESULTS Rationale for these experiments. Transport of branchedchain amino acids occurs at high, constitutive levels in livRJ strains (14) . Because livR is located near min 20, we asked whether livR mutations were, in fact, alleles of lrp. We demonstrate below that the nucleotide sequence of the lrp gene isolated from a livRl-containing strain differs from that in the parent of the livRJ strain. To investigate whether the mutational differences in lrp caused the constitutive transport phenotype, two kinds of experiments were carried out. First, strains containing the livRJ mutation were analyzed for some phenotypes associated with lrp alleles. We chose to investigate phenotypes associated with expression of ilvIH, an operon known to be regulated by lrp (16, 21) . In some of these experiments, the Irp gene was selectively amplified from a livRl strain by using polymerase chain reaction (PCR) and transferred to a different strain background to ensure that the analysis was not complicated by possible closely linked but unknown mutations in the livRJ strain. The results of these experiments indicate that the lrp mutations within a livR strain affect the ilvIH operon in much the same way as do other known Irp alleles. In a second approach, complementary to the first, liv gene expression was measured in strains containing lrp mutations that were identified orig- Asnf Asp Lysf Thr a Deduced from nucleotide sequence analysis. The nucleotide sequence and the numbering for nucleotides and amino acids are given by Willins et al. (24) . Lrp contains 164 amino acids.
b PCR product of the indicated allele cloned into a modified plasmid pBluescript II SK-. inally on the basis of phenotypes unrelated to liv. The results of these experiments demonstrate that known lrp alleles affect liv expression.
Cloning and sequencing of lrp alleles from livR' and livRlcontaining strains. DNA was isolated from strain RL125 (livRJ) and its parent strain, RL123, and the lrp region was amplified by using PCR with primers that flanked the lrp gene. After the PCR products were cloned into a vector, the nucleotide sequence of the Irp gene from each strain was determined. For the wild-type lrp locus from RL123, two different clones were sequenced: one had a sequence identical to that previously determined from another Irp+ strain, and the other had a mutation that would lead to a Thr-to-Ala change at position 163 ( Table 2 ). The latter change could have been created during PCR. Two clones with the Irp gene derived from strain RL125 (livRJ) were analyzed with identical results. Two nucleotide changes were found, one leading to an Asp-to-Asn change at amino acid position 16 and the other leading a Met-to-Lys change at position 124. Thus, the Irp gene from strain RL125 differs from the corresponding gene from its parent. The lrp allele and Lrp in strain RL125 are hereafter referred to as lrp-5,6 and Lrp-5,6, respectively. Effect of lrp-5,6 mutations upon expression of the ilvIH operon. We studied the effect of lrp-5,6 carried in single and multiple copies upon ilvIH operon expression. lrp-5,6 from a livRI-containing strain was moved into different strain backgrounds by two procedures (Fig. 1 ). Strain CV1057 was created by P1-mediated transduction, and therefore up to 80 kb of flanking DNA from the livR donor strain is present in a single copy. Strain CV1032, on the other hand, contains just the lrp-S,6 gene from a livRI-containing strain, amplified by PCR and cloned into a multicopy plasmid. The chromosomal copy of lrp in this strain is inactive due to a TnlO insertion. The PCR-derived lrp-5,6 gene in plasmid pCV182 does not have its normal promoter and is presumably expressed by readthrough from a weak plasmid promoter. Analysis of other similar constructs containing a wild-type lrp gene suggests that Lrp is present in such strains in amounts about four to eight times greater than those in a haploid wild-type strain.
In both strains CV1057 and CV1032, the promoter of the ilvIH operon is fused to a lacZ gene. The differential rate of (pCV180) (Irp'); A and A, strain CV1032(pCV182) (Irp-S,6). In a repetition of this experiment, the slopes varied less than 15% (less than 8% when the ratios of the values with leucine to those without leucine were compared). synthesis of ,-galactosidase for haploid strain CV1057 is shown in Fig. 2A , together with similar data for the parent strain, CV975. As was seen previously for strain CV975 (16) , growth in the presence of leucine caused a fivefold decrease in expression from the ilvIH promoter ( Fig. 2A ). By contrast, expression from the ilvIH promoter was relatively low for strain CV1057 (Fig. 2A) , and expression was only slightly reduced when cells were grown in the presence of leucine. Since expression from the ilvIH promoter requires Lrp as an activator, these results suggest either that Lrp-5,6 is produced in low amounts in strain CV1057 or that it is not a totally effective activator of the ilvIH promoter.
The results of similar experiments with strains containing lrp alleles (without flanking bacterial DNA) on multicopy plasmids are shown in Fig. 2B . For cells grown in the absence of leucine, expression from the ilvIH promoter was about the same in strains CV1032 (pCV182; lrp-5,6) and CV1061 (pCV180, lrp+) ( Fig. 2B ). It is probable that increased Lrp synthesis from a multicopy plasmid allows nearly maximal expression from the ilvIH promoter and that this accounts for the difference between the results in 2A and B (cells grown without leucine). However, for both single-copy and multicopy situations, when the lrp originated from a livRl strain, expression from the ilvIH promoter was not affected much by growing cells in the presence of leucine. The major conclusion from these results is that mutations within the lrp gene from a IivRI strain (defined in Table 2 ) affect the regulatory properties of Lrp.
DNA binding characteristics of Lrp encoded by lrp from a livRI strain. As observed with a gel mobility shift assay, Lrp from wild-type strains binds specifically to a fragment of DNA containing the ilvIH promoter-regulatory region (16, 21) . We carried out similar experiments here, employing crude extracts of strains carrying various alleles of lrp on plasmids and Irp-35::TnJO on the chromosome (Fig. 3) . When extract from a strain carrying the parent plasmid (no Irp gene) was employed, no protein-DNA complexes were observed ( Fig. 3 ). By comparison, for a strain carrying a plasmid with the wild-type lrp gene, two protein-DNA complexes were observed, presumably representing DNAs containing different numbers of bound Lrp. For a strain carrying the lrp-5,6 gene on a plasmid, very little of the DNA formed a specific complex with protein. However, a faint band corresponding to a protein-DNA complex with a relatively high mobility was observed after long exposures, and the amount of this complex was not markedly reduced by incubation with leucine (data not shown). The mobility of this complex was identical to that of a major complex formed with extracts from an lrp-l-containing strain, a strain that was extensively characterized earlier (24) . The binding characteristics of Lrp-1 and Lrp-5,6 are also similar in that leucine does not affect the extent of binding in vitro.
In summary, the mutations in the lrp gene from a livRl strain affect the regulatory properties of Lrp in vivo, and they also affect the DNA binding characteristics of the Lrp-5,6 protein in vitro. To some extent, the properties of Lrp-5,6 resemble those of Lrp-1. In both lrp-l-containing strains (21) and lrp-5,6-containing strains, expression from the ilvIH promoter is relatively insensitive to repression by leucine.
Regulation of branched-chain amino acid transport by Lrp. In previous sections we demonstrated that lrp-5,6, identified originally by its effects upon branched-chain amino acid transport, affects the expression of the ilvIH operon. Here we show that alleles of lrp, known to affect ilvIH expression, affect the transport of branched-chain amino acids.
The rate of leucine transport is shown in Fig. 4 for several strains with different lrp alleles. Transport was regulated by leucine in strain CV975, as dxpected for a wild-type strain. In strain CV1008, an isogenic strain except for a TnJQ insertion disrupting the lrp gene (16) , transport was as high as that in the parent and not regulated by leucine. Thus, the phenotype of a strain with a null allele of lrp is high, constitutive expression.
Analysis of leucine transport in strains bearing plasmids that contained other lrp alleles in a CV1008 background revealed the following. Stain CV1032, with Irp-S,6 on a multicopy plasmid as its only lrp allele, transported leucine at a high constitutive rate. This result is similar to that obtained with strain CV1008 (lrp-35::TnlO), suggesting either that the lrp-5,6 allele is not functional or that its interaction with leucine is defective. The corresponding experiment with the wild-type lrp gene on a multicopy plasmid (strain CV1031) gave very different results: in cells grown in the absence of leucine, transport was severely repressed. Strains CV1031 and CV1032 are isogenic except for their lrp alleles, and these alleles are not flanked by other bacterial DNA. Therefore, the phenotypes associated with these alleles can be attributed to mutations in lrp rather than to mutations in another closely linked gene. The simplest interpretation of these results is that Lrp acts negatively on the LIV-I and LS transport systems and that transport through these systems is repressed when Lrp is overproduced. Similar results were obtained with strain CV1014, which contains the wild-type lrp allele on a multicopy plasmid together with about 2 kb of flanking chromosomal DNA. Paradoxically, the addition of leucine to the growth medium of either strain CV1031 or CV1014 caused an increase in the rate of transport of leucine. This observation is explored further below.
Expression from the livJ and livK promoters in strains carrying different lrp alleles. The above results showed that lrp alleles affect the transport of branched-chain amino acids. To determine whether lrp alleles affect the transcription of operons known to encode the LIV-I and LS transport systems, we measured ,B-galactosidase activity in strains with lacZ fused to the livJ and livK promoters carried on lambda prophage (Fig. 5 ). For strains carrying a wild-type lrp allele, expression from the livJ promoter was about four times higher than expression from the livK promoter. The addition of leucine to the growth medium of these strains caused a marked repression of expression from both liv promoters. In strains containing lrp-35: :TnJO, expression from both promoters was constitutive and high, a result similar to that obtained in experiments in which leucine transport was measured. However, expression from the livK promoter was nearly four times higher in the lrp-35:-:TnJOcontaining' strain than in the lrp+-containing strain, suggesting that livK expression was already partially repressed by the normal intracellular concentration of leucine in the wild-type strain.
Three other alleles were tested in these experiments: lrp-J and lrp-2, both isolated as alleles that resulted in constitutive expression of the ilvIH operon, and lrp-5,6 (originally livRI). In strains carrying these alleles, expression from both livJ and livK was constitutive. These results strengthen the conclusion that livRI is an allele of lrp, since they demonstrate that known alleles of lrp have the same effect on liv operon expression as does the original livRI allele. It is interesting that, although each of these alleles resulted in constitutive liv expression, expression was not as high as that with the lrp null allele. Thus, Lrp in these strains seems to function to some extent as a repressor, but the ability of leucine to act as a corepressor has been lost. The one exception to this pattern was the lrp-J allele, which allowed expression from the livK promoter that was equivalent to that of the lrp-35::TnJO mutation but which gave more typical expression from the livJ promoter.
Expression from livJ and livK promoters in a strain overproducing Lrp. A paradoxical result noted in Fig. 4 related to the fact that leucine caused an increase in leucine transport in a strain overproducing Lrp. We examined whether this increase reflected an increase in transcription from livJ and livK promoters or was related to some other aspect of transport. The wild-type lrp locus was transferred from pCV168 into plasmids pGD103 and pBS-8+, which exist in about 5 and 25 copies per cell, respectively (6, 23) . These plasmids were introduced into strains containing a livJ-lacZ or a livK-lacZ fusion. Insertions may alter the copy number somewhat, but the results of 3-galactosidase assays of these strains were qualitatively in agreement with what would be expected for Lrp expressed at moderate and very high levels. Expression from the livJ promoter was very sensitive to the level of Lrp; it was repressed about 8-fold when Lrp was expressed from a moderate-copy-number plasmid and about 30-fold when Lrp was expressed from a high-copynumber plasmid (compare data for SH-51 in Fig. 5 with data for SH183 and SH184 in Fig. 6 ). The livK promoter, on the other hand, was not as sensitive to Lrp concentration:. expression from livK was not repressed or was repressed only ninefold in a strain containing moderateor high-copynumber plasmids, respectively (compare data for strain SH152 in Fig. 5 with data for SH186 and 187 in Fig. 6 ). Of greatest significance is the fact that growth in the presence of leucine caused a significant further repression of both livJ and livK expression for each strain analyzed. We conclude that the effects of leucine observed in Fig. 4 (increasing transport in strains overproducing Lrp) are due to some effect on transport other than transcription initiated at the livJ or livK promoter.
Complementation studies. We constructed a set of isogenic strains that contained an ilvI-lacZ fusion at the chromosomal ilvIH locus and two lrp genes, one at the normal lIp location near min 20 and the other at the lambda attachment site near min 18. 3-Galactosidase measurements were made for these strains grown in the presence or absence of leucine and for a set of haploid control strains. ilvIH expression in a haploid lrp+ strain was repressed by leucine, and similar results were obtained for lrp+ either at its normal location or at the lambda attachment site ( Table 3 ). The phenotype of a lrp-lrp+ merodiploid was similar to that of the lrp-l haploid strain (ilvIH expression repressed relatively slightly), showing that lrp-l is dominant to the wild-type allele ( Table 3 ).
The results with the lrp-5,61lrp+ merodiploid were unexpected. In a haploid strain, ilvIH expression was low and only modestly repressed by growth in the presence of leucine ( Table 3 ). The phenotype of the lrp-5,61lrp+ merodiploid was unlike that of either haploid parent; namely, expression was constitutive and high. The simplest explanation for these results is that Lrp exists in cells as a multimer containing at least two subunits. In vitro,, Lrp exists as a dimer in solution (24) . Presumably, a Lrp-5,6/Lrp+ heterodimer behaves differently with respect to activating ilvIH transcription than does either of the two homodimers.
DISCUSSION
The ilvIH operon and the operons that make up the liv regulon, which are involved in the biosynthesis and transport of branched-chain amino acids, respectively, show similarities in their regulation. Expression of each of these operons is repressed when cells are grown in the presence of leucine but not isoleucine or valine (17, 21) . In addition, each of these operons shows high, constitutive expression in strains with mutations (lrp, livR) located near min 20. The experiments reported here were carried out to determine whether lrp and livR are identical or whether they are distinct loci. The evidence summarized below demonstrates that they are identical. Thus, ilvIH and the liv operons are members of the lrp regulon.
The strategy used was to amplify only the coding region of lrp from a livRJ-containing strain, to attach the lrp gene to a vector, and to introduce the chimeric plasmid into a different strain background. This strategy insured that the analysis was not complicated by possible closely linked but unknown mutations in the livRJ strain. For comparison, we also VOL. 174, 1992 on January 30, 2020 by guest http://jb.asm.org/ Downloaded from constructed haploid strains containing the livRI allele in its normal chromosomal location. DNA sequence analysis indicated that the lrp gene from a livRI-containing strain and its parent differed. The lrp gene from the mutant was designated lrp-5,6, reflecting the fact that two nucleotide changes were found in different parts of the gene. One of the nucleotide changes should lead to a Met-to-Lys change at amino acid position 124. A number of other mutations that cause changes in the amino acid sequence between positions 108 and 149, as found for lrp-5,6, lead to constitutive expression of the ilvIH operon (15a). One of these mutations, lrp-2 (Met-to-Arg change at position 124), affected livJ and livK expression in much the same way as did Irp-5,6. Thus, the phenotypes associated with lrp-5,6 are likely due to the Met-to-Lys change at position 124.
The effect of lrp-5,6 upon ilvIH expression was also examined. lrp-5,6, like lrp+, acts positively on transcription from the ilvIH promoter, but in a haploid copy number lrp-5,6 did not provide comparable activation ( Fig. 2A) . Furthermore, expression from the ilvIH promoter was relatively insensitive to repression by leucine in a Irp-5,6containing strain. In this latter respect, lrp-5,6 produces a phenotype similar to that of lrp-J, an allele that was isolated because it caused high constitutive expression from the ilvIH promoter. These results are consistent with the results of gel retardation assays indicating that Lrp from a lrp-5,6-containing strain showed reduced binding to ilvIH DNA and that binding was insensitive to leucine. The main conclusion from these results is that lrp-5,6, a mutation that was selected because of its effect upon the transport of D-leucine (19) , affects ilvIH expression in much the same way as do alleles of lrp.
The effect of known alleles of lrp, including lrp-5,6, upon transport of high-affinity branched-chain amino acids and upon transcription from the liv promoters was investigated. In transport assays (Fig. 4 ), the addition of leucine to the growth -medium resulted in repression of leucine transport. This repression required a functional lrp gene, as evidenced by the fact that transport was constitutive and high in a strain containing a null allele of lrp. These results establish that lrp acts negatively on liv operon expression. Measurement of P-galactosidase activity in strains containing liv-lacZ gene fusions established that the Lrp-mediated repression of leucine transport is at the level of transcription (Fig. 5) . These results were obtained for both the livJ and livK promoters with several different alleles of lrp. Whether Lrp acts directly, by binding to liv operator sites and repressing transcription, or indirectly remains to be established. The livJ and livK promoters were regulated in a similar but not identical fashion (Fig. 5 ). In a strain lacking Lrp, expression from livJ was slightly higher than that fromn livK (specificity activity, 1550 versus 1150), suggesting that the two promoters are about equally strong. However, for a lrp+-containing strain grown in the absence of leucine, the expression of livJ was nearly maximal and about fourfold higher than that of the livK promoter. These results suggest that, even when leucine is not added to the growth medium, the livKHMGF promoter remains significantly repressed relative to the livJ promoter. Both promoters are repressed by the addition of leucine to the medium. One of the Irp alleles analyzed in this study, lrp-1, had somewhat different effects upon livJ and livK, again suggesting that the two promoters differ with respect to their interaction with a regulatory factor. The Irp-I allele caused a relatively greater elevation of livK activity. Although not investigated in this study, the effect of lrp-l upon transport is similar to that observed for the lstR allele, an allele that caused derepression of the leucine-specific transport system (19) .
Another conclusion that emerged from these studies is that production of wild-type Lrp in quantities four to eight times higher than normal leads to a marked repression of both transport and expression from the livJ and livK promoters. Expression from these two promoters was further reduced when cells were grown in the presence of leucine. Together, these results support the idea that Lrp serves to repress livJ and livK expression and that leucine acts as a corepressor for repression. By contrast, the lrp-5,6 allele on a multicopy plasmid led to high, constitutive expression from the livJ and livK promoters, a phenotype similar to that observed for a null allele. The phenotype associated with lrp-5,6 could result from an Lrp-5,6 that was insensitive to leucine and, as a result, unable to act as a repressor. Alternatively, part of the phenotype might be due to reduced levels of Lrp-5,6, perhaps caused by protein instability. Strains containing Irp-5,6 have some functional Lrp-5,6 because the ilvIH operon, which requires Lrp for expression, was expressed in such cells, albeit at a reduced level ( Fig. 2A ). Only very weak binding was observed in gel retardation experiments employing extracts from lrp-5,6containing strains (Fig. 3 ), a result that is consistent with the idea of reduced levels of Lrp-5,6. The results of Western blotting experiments indicated that, indeed, Lrp-5,6 was present in only barely detectable levels in crude extracts (23a) .
For cells overproducing Lrp, growth in the presence of leucine gave an unexpected transport phenotype: leucine increased the rate of leucine transport (Fig. 4 ). This increased rate of transport is not caused by a corresponding increase in transcription from livJ and livK promoters (Fig.  6 ). One possible explanation for stimulation of transport by leucine is that there is another system capable of transporting leucine that is active when leucine is added to a culture of a strain overproducing Lrp. Another possibility is that, in cells containing high levels of Lrp, leucine prevents degradation of liv mRNAs or of proteins involved in transport, thus leading to the accumulation of transport capacity.
In comparison with other operons regulated by lrp, the livJ and livKHMGF operons are regulated in a novel way. In one class of operons including ilvIH and serA, Lrp acts positively to increase operon expression and leucine seems to interfere with Lrp activity, resulting in lower expression (11, 16) . In a second class of operons, Lrp acts negatively and leucine induces operon expression, presumably by interfering with Lrp action. sdaA (11) and oppABCDF (5) are members of this latter class. The pattern of regulation of the livJ and livKHMGF operons does not conform to either of the two patterns described above. For livJ and livKHMGF, Lrp represses expression and leucine is required for this repression. It will be interesting to uncover the molecular basis for the differences in these patterns. If Lrp acts directly to activate or repress all of these operons, then leucine must interfere with Lrp action in some cases and promote Lrp action in other cases.
